Much effort has been directed at identifying sources of resistance to Fusarium head blight (FHB) in wheat. We sought to identify molecular markers for what we hypothesized was a new major FHB resistance locus originating from the wheat cultivar 'Freedom' and introgressed into the susceptible wheat cultivar 'USU-Apogee'. An F 2:3 mapping population from a cross between Apogee and A30, its BC 4 -near-isoline exhibiting improved FHB resistance, was evaluated for resistance. The distribution of FHB resistance in the population approximated a 1:3 moderately resistant:moderately susceptible+susceptible ratio. Separate disease evaluations established that A30 accumulated less deoxynivalenol and yielded a greater proportion of sound grain than Apogee. Molecular mapping revealed that the FHB resistance of A30 is associated with molecular markers on chromosome arm 3DL that exhibit a null phenotype in A30 but are present in both Apogee and Freedom, indicating a spontaneous deletion occurred during the development of A30. Aneuploid analysis revealed that the size of the deleted segment is approximately 19% of the arm's length. Our results suggest that the deleted interval of chromosome arm 3DL in Apogee may harbor FHB susceptibility genes that promote disease spread in infected spikes, and that their elimination increases FHB resistance in a novel manner.
Introduction
The disease Fusarium head blight (FHB), caused by members of the fungal genus Fusarium, reduces yields and erodes grain quality in wheat and other small grains. The principal species causing FHB in the U.S. is F. graminearum Schwabe (Stack and McMullen 1985) .
While FHB has been recognized as a disease of wheat in the U.S. for over a century, severe epidemics have impacted all wheat classes and most wheat production regions in the U.S. since the early 1990s (McMullen et al. 1997; Windels 2000) . Today FHB is the most damaging disease facing the wheat industry. Historically, the upper Midwest hard red spring wheat production region has incurred the largest losses to FHB, but the geographic area in which the disease is affecting wheat production is growing significantly (McMullen et al. 2012) , with Idaho being the most recent state to confront the challenges posed by FHB.
Progress in developing FHB-resistant wheat varieties is challenging due to the fact that the genetics of resistance is complex (Bai and Shaner 2004) . Under field conditions, a diverse range of environmental factors and their interactions with plant genotypes can cause problems with accurately phenotyping reactions (Groth et al. 1999; Miedaner et al. 2001) . Greenhouse testing for FHB resistance largely has been mostly useful for evaluating resistance to spread of the disease in the spike (Type II resistance) (Schroeder and Christensen 1963) .
To assist FHB resistance breeding efforts, a proliferation of FHB resistance quantitative trait locus (QTL) mapping research in wheat around the world has led to the identification of more than 200 QTLs distributed on all 21 wheat chromosomes (Buerstmayr et al. 2009 , Liu et al. 2009 Loffler et al. 2009 ). However, despite this intensive international effort, only Fhb1, the most broadly validated FHB resistance QTL (Buerstmayr et al. 2009 ), is widely employed by D r a f t 4 U.S. and international wheat breeding programs. A small number of additional wheat QTLs have recently been "Mendelized" into single locus traits in a fashion similar to Fhb1 (Cuthbert et al. 2007; Xue et al. 2010) , and they may hold promise for breeding programs as well. A host of other QTLs have not been validated, or only partially so (Buerstmayr et al. 2009; Liu et al. 2009; Loffler et al. 2009) , and together with their generally small effects, are thus unlikely to be broadly utilized in breeding programs.
After many years of genetics analysis and breeding research, it is evident that the effect of a FHB resistance QTL can vary significantly depending on the genetic background in which it is present. Pumphrey et al. (2007) and Salameh et al. (2011) both reported that genetic background affected the level of resistance associated with Fhb1. Similarly, introgression of Fhb1 into durum wheat does not enhance resistance (H. Buerstmayr, personal communication, 2013) , nor does it improve resistance in triticale (D.F. Garvin, unpublished). Modifiers of FHB resistance, including susceptibility genes and resistance suppressor genes, are postulated to contribute to the observation that genetic background affects the expression of FHB resistance QTL, but scant effort has been devoted to exploring the genetic basis of these phenomena. Basnet et al. (2012) proposed that Sumai 3 has a susceptibility gene on chromosome 2DS, while Srinivasachary et al. (2008) found that compromised FHB resistance was associated with the dwarfing gene Rht-D1b but was not due to height per se. In tetraploid wheat, the first FHB resistance QTL to be described (Otto et al. 2002 ) surprisingly derives from a highly susceptible genotype (Stack et al. 2002) . Lastly, Ma et al. (2006) reported that the loss of certain wheat chromosome arms increased FHB resistance. But beyond this, little is known about the genetics of FHB resistance suppression and FHB susceptibility even though they may be significant determinants of QTL D r a f t 5 penetrance and expressivity, and may lead to the development of complementary strategies for FHB resistance improvement by eliminating genes that are involved in FHB susceptibility.
In this study we report the genetic characterization of improved FHB resistance in a nearisogenic line of the highly susceptible wheat cv Apogee (Mackintosh et al. 2006) , and through molecular mapping demonstrate that the resistance is not due to the presence of a postulated new FHB resistance QTL, but rather to a spontaneous deletion of a chromosome segment of chromosome arm 3DL that may eliminate a gene or genes involved in FHB susceptibility.
Materials and methods
Plant materials: The rapid-maturing dwarf hard red spring wheat cv 'USU-Apogee' (Bugbee et al. 1997 ) (Apogee) and an Apogee near-isoline (NIL) were employed in this study.
Previous research has revealed that Apogee is highly susceptible to FHB (Mackintosh et al. isolate Butte86ADA-11 (Evans et al. 2000) . Inoculated plants were transferred to a dew chamber for 72 h, and then returned to the greenhouse to allow disease symptoms to develop.
Disease severity (% of symptomatic spikelets) was recorded for each inoculated spike when the Apogee checks within each planting date reached a disease severity of approximately 85%, and mean disease severity for each F 2:3 family and the parents was calculated using these data. to mature, and inoculated spikes were then harvested and seeds were manually removed and the grain visually assessed and classified as either tombstone, shrunken, or sound.
Molecular marker analysis: A large scale screen of 1440 wheat genomic and EST-derived SSR markers from multiple sources was completed to identify polymorphisms between A30 and A31 for subsequent analysis within the mapping population. A31 is a FHB-susceptible BC 4 sister line of A30 selected to harbor the Apogee allele of Xgwm296. The PCR conditions used for amplifying SSR primers followed the methods described by Tsilo et al. (2010) . Fluorescent dyelabeled PCR fragments were separated on an ABI3130xl Genetic Analyzer (Applied Biosystems, Grand Island, NY). Genotype calling was performed using the software GeneMapper v3.7 (Applied Biosystems) followed by manual editing to confirm the accuracy of allele calls. 
Results
Disease development in A30, Apogee and F 1 hybrids: Following point inoculations, disease symptoms developed rapidly in Apogee as expected from prior research (Mackintosh et al. 2006) , with disease severity reaching approximately 50% within 10 days of inoculation, and nearly 80% by day 14 after inoculation. In contrast, A30 disease severity was less than half that of Apogee in these same time points. By day 18, disease severity in Apogee was approaching a plateau near 90%, while A30 was approximately 50%. By day 22, disease severity in A30 had reached 65% while Apogee was 95% (Fig. 1) . The overall pattern of disease progression differed between the two genotypes as well. Apogee exhibited a curvilinear pattern often seen in FHB evaluations involving highly susceptible genotypes, while in A30 it was linear. The disease severity means were 87.5% for Apogee and 41.8% for A30, while the range of mean severity in the F 2:3 families was between 30.6% and 100%. The distribution of mean F 2:3 family disease severities in the two evaluations is shown in Fig 2A. A set of 16 F 2:3 families exhibited significantly higher levels of resistance than Apogee, and the proportion fit a monogenic ratio D r a f t 11 (X 2 , P>.10). The correlation between mean F 2:3 disease severities in the two evaluations was 0.844 (P< 0.0001) (Fig. 2B ).
Deoxynivalenol accumulation: A replicated growth chamber experiment was completed to obtain infected spike tissue for comparative analysis of DON accumulation in A30 and Apogee at three time points (6, 9, 12 dai) after point inoculation of three florets per spike. Results are shown in Fig. 3 . Disease progression was notably more rapid in Apogee than A30 (Fig. 3A) . A large difference in DON accumulation was evident between the two genotypes by the 6 dai time point, with Apogee spikes having accumulated approximately 80% more DON than A30. By the last sampled time point (12 dai), DON levels in Apogee spikes had increased 41% compared to the 6 dai samples, whereas the DON levels in A30 had increased just 23% (Fig 3B) . The level of DON detected in both Apogee and A30 ranged from 207 ug g -1 to 523 ug g -1 , depending on the timepoint sampled and genotype (Table 1) . While the range of concentrations is high compared to field studies, this is likely due to several factors including the extreme susceptibility of Apogee to FHB (Macintosh et al. 2006) , the fact that the spikes were point inoculated at multiple locations, and the fact that DON concentrations in the entire spike, including the rachis which has been reported to have the highest DON levels in the spike (Cowger and Arellano 2013) and not just grain samples, were evaluated.
Within this same experiment, replicated single floret point-inoculated pots of Apogee and A30 were included to monitor disease development and progression, and for harvesting to evaluate grain quality. The disease severities at 9, 12 and 15 dai are shown in Table 1 ; the difference in resistance between Apogee and A30 was evident, except that disease severities were higher in this growth chamber study than in the greenhouse evaluations. At maturity, all D r a f t 12 seeds were removed from these single point-inoculated spikes and grouped into different classes -tombstone, shrunken, and sound. The relative distribution of these is shown in Table 1 . Seeds harvested from A30 had a significantly lower proportion of tombstones (30%) than did Apogee (71%), as well as a higher percentage of sound grain (40.7%, versus 5.5% for Apogee).
Molecular mapping of FHB resistance in A30: A screen of 1440 wheat SSR markers identified 42 that were polymorphic between A30 and its susceptible sib line and Apogee surrogate, A31. Subsequent evaluation of these markers on silver-stained vertical acrylamide gels identified 24 of the polymorphisms that could be resolved between A30 and A31, and of these 15 were found to be polymorphic between A30 and Apogee. As expected there was no association between Xgwm296, the SSR marker reported to be linked to a major FHB resistance QTL in Freedom and thus selectively introgressed into A30, and FHB resistance segregation (data not shown), which supported our hypothesis that the resistance of A30 was due to a background introgression during its development.
Surprisingly, seven of the 15 markers that were polymorphic between Apogee and A30 exhibited a null phenotype in A30 despite the fact that both Apogee and Freedom displayed amplicons (Fig. 4) , as did the FHB-susceptible sister line of A30, A31. Five of these markers (Xcfd223, Xwmc552, Xwm631, Xgwm3, and Xcnl093) were used to genotype the Apogee x A30 mapping population markers, which revealed that a set of 16 F 2 individuals were the only plants to exhibit null phenotypes for these markers. An examination of the relationship between variation for FHB resistance in the F 2:3 families evaluated in the greenhouse and segregation for the collective null phenotype across markers revealed a strong association between the null marker phenotypes and greater levels of FHB resistance (Fig. 5 ).
D r a f t
Since four of the markers exhibiting the null phenotype previously have been reported to map to chromosome 3D, the results suggested the existence of a spontaneous deletion on this chromosome during the development of A30. To further substantiate this hypothesis, the markers for which both Apogee and Freedom had amplicons, but which were null in A30, were examined in Chinese Spring wheat, its chromosome 3D ditelosomic stocks, and two partial chromosome arm 3DL deletion lines (3DL-1 and 3DL-3). Results indicate that all of the markers reside in the terminal deletion (bin 3) of chromosome arm 3DL (Fig. 6) , further supporting the presence of a spontaneous deletion from chromosome arm 3DL that arose during development of
A30. An additional marker, Xbarc71, which was reported as the most distal marker on chromosome arm 3DL in a previous study (Somers et al. 2004) , was also evaluated in the Chinese Spring deletion stocks and was found to reside in chromosome arm 3DL bin 3. A30 exhibited a null phenotype for this marker as well, and when mapped in the Apogee x A30 F 2 mapping population, the Xbarc71 null phenotype co-segregated with the other markers exhibiting null phenotypes (Fig. 6) .
To refine the size of the deletion breakpoint, additional markers developed for chromosome arm 3DL to genetically map a Hessian fly resistance gene (Yu et al. 2009 ) were employed to test for their presence or absence in Apogee, A30, and the Chinese Spring chromosome 3D deletion
stocks. The results indicate that the chromosome breakpoint in A30 is between markers Xrwgs2
and Xrwgs1 developed by Yu and colleagues for their study, which is in proximity to the deletion that defines bin 3 of this chromosome arm in Chinese Spring (Fig. 6) (Stack et al. 2002) . This observation was attributed to the presence of FHB susceptibility genes or possible resistance inhibitor genes on this chromosome, since Israel A itself is highly susceptible to FHB even though it is the source of the FHB resistance QTL Qfhs.ndsu-3A (Otto et al. 2002) .
Subsequent molecular mapping confirmed that a region of Israel A chromosome 2A was associated with increased FHB susceptibility (Garvin et al. 2009 ).
Results of some genetic analyses also may suggest the possible existence of FHB susceptibility genes, although alternative explanations cannot be ruled out. Mapping FHB resistance in wheat populations developed from crosses between Sumai 3 (a source of Fhb1) and different highly susceptible parents revealed that the susceptible allele for a QTL on chromosome arm 2DS came from Sumai 3 and not the susceptible parents (Basnet et al. 2012 ).
However, this QTL is located in close proximity to the dwarfing gene Rht8 (Handa et al. 2008) which is known to be associated with FHB susceptibility (Mao et al. 2010) . Background genetic effects on the effect of Fhb1 were reported by Pumphrey et al. (2007) , who found that fewer than half of a series of hard red spring wheat isoline pairs differing for the presence of Fhb1 exhibited significant differences in Type II resistance. Similarly, Salameh et al. (2011) reported that the relative effect of Fhb1 and the Type I FHB resistance QTL Qfhs.ifa-5A varied considerably, depending on the winter wheat genetic background in which they were present. These findings may reflect the presence of susceptibility genes, or alternatively, the presence of genes that inhibit resistance QTLs or the absence of accessory genes needed for their complete expression.
In our study, the reduction in FHB severity in A30 compared to Apogee ranged between 31% and 59% depending on the time point at which FHB severity was evaluated. The analysis graminearum and its interaction with and manipulation of host metabolic processes will shed more light on other potential host metabolic processes that might be targets of modification to protect against F. graminearum virulence factors.
Disease resistance is complex and can involve many different passive and active defenses.
Development of FHB-resistant wheat has proceeded more slowly than might be expected, because despite global efforts there is a dearth of FHB resistance genes or major FHB resistance
QTLs that can be pyramided via marker-assisted selection in wheat germplasm to obtain high D r a f t 18 levels of resistance. There has been much discussion of developing novel strategies for controlling FHB, including removal of susceptibility factors or modification of potential targets of F. graminearum virulence factors. But to date little has been done in this arena of FHB research, in part because of the challenge of differentiating between the presence of a susceptibility gene and the absence of a resistance QTL. Our study demonstrates the presence of a gene or genes on the long arm of chromosome 3DL that, when removed, results in a dramatic improvement of FHB resistance. We postulate that this gene is likely to condition some degree of susceptibility to FHB in a manner that may be similar to genes conferring sensitivity to other necrotrophic fungi. Transfer of this deletion to other genotypes will determine if the resistance enhancement effect is unique to Apogee or occurs in other genetic backgrounds. We note that a preliminary analysis of Chinese Spring chromosome arm 3DL deletion lines suggests that elimination of part of this arm also appears to increase FHB resistance (data not shown), and so we speculate that the deletion in A30 will also increase FHB resistance in other genotypes.
Further, though the deletion is large, it is worth examining its agronomic effect; if there is a minimal detrimental impact, the deletion may be a novel resource to increase FHB resistance.
While there is still only a small amount of evidence supporting the existence of genes that confer FHB susceptibility, additional research employing mutagenesis of susceptible genotypes may provide an avenue for identifying additional susceptibility genes and their locations, and deploying the mutated forms for genetic improvement of FHB resistance in a manner complementary to the use of resistance QTLs. Gain-of-resistance mutants from susceptible genotypes will also be a useful resource for exploring the biology of FHB susceptibility in wheat 
